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ABSTRACT 
 
The primary purpose of this Bachelor`s thesis was to develop a finite element 
model of simply supported IPE beam with nonlinear behaviour material 
definition, which can numerically simulate the structural response of IPE beam 
and replicate the simulation results with the physical lab test under mid-span 
loading by using FEA techniques in LS-DYNA. Mesh sensitivity analysis, structure 
only the analysis of IPE in a fire, implicit and explicit static analysis was also 
performed in LS-DYNA. Seven finite element models of simply supported IPE 
beam were created, and simulation was run in LS-DYNA. 
 
The thesis presents the finite element modelling of a simply supported beam to 
examine the deformations, mesh sensitivity analysis, load versus displacement 
curve with explicit and implicit code, deformation in the fire of the steel IPE 
beam under mid-span loading. In addition, a detailed description of the 
numerical simulations and the theoretical background are presented in this 
thesis. The theoretical part of the thesis includes the general description of the 
finite element method; numerical method; input possible in LS-DYNA; the 
manual calculation of time-step; the detailed temperature calculation of 
unprotected steel IPE beam in a fire; LS-DYNA, and its history. 
 
Findings revealed that LS-DYNA was able to replicate the simulation results 
with the physical lab test under mid-span loading, although there was a huge 
difference in load versus displacement curve between the LS-DYNA simulation 
and experimental results. Lateral torsional buckling failure was noticed on the 
structure with and without fire in both cases, during numerical simulation in LS-
DYNA. The maximum effect of loading was observed in the mid-span of a beam 
by the local deformation in the upper flange of the structure. 
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Implicit code, structural analysis in a fire, mesh sensitivity analysis, 
temperature calculation. 
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1 INTRODUCTION 
1.1 Background 
Finite element method (FEM) is a mathematical computer-based numerical 
technique for calculating the strength and behaviour of engineering structures. 
The development of finite element analysis (FEA) software tools make it easy to 
analyse dynamic loads, static loads, structural fire and blast loads et cetera. 
Structures subjected to extreme loads, including fire loads, blast loads are 
challenging to study experimentally, and the evaluation of the damages caused 
by loads is hard to conduct, expensive and dangerous. 
                    
Using FEA software in predicting damages and replicating the physical lab test 
caused by different loads (static, dynamic, blast, fire) in the structures is widely 
used in modern engineering analysis. It is because of the variety of material 
models, the ease of accessing them and changing parameters, the ability to 
simulate problems that are difficult to conduct in laboratories, the costless 
efforts compared to laboratories, and the safety of using FEA software. There 
are many FEA software tools available for nonlinear static analysis, but for this 
thesis, LS-DYNA software is used. (Younis, 2010, p.4) 
  
Nonlinear analysis is an analysis which uses nonlinear material and geometrical 
behaviour for performance evaluation of structural systems at the life safety 
and collapse prevention levels. In the modern product design engineering, it is 
important to understand the sources of nonlinearities and their effect on 
designs during their lifetime for a better performance and durability of the 
product. With the help of nonlinear fem simulation solutions, we can simulate 
product behaviour accurately, reducing the possible failures, warranty costs 
and saving on material costs. (Krawinkler, 2007) 
  
Computational tools are often necessary for the safe design of structures under 
fire conditions due to the complex structure’s response. In recent years, the 
use of the finite element code in LS-DYNA has increased in research and 
industry for structural fire analysis. The nature of isolated structural elements 
under standard fire conditions through furnace testing has been extensively 
studied. 
(Rackauskaite et al., 2017) 
  
The purpose of this thesis is to develop a finite element modelling of steel IPE 
beam for nonlinear static analysis at both ambient and elevated temperatures. 
To achieve this, the FEM software LS-DYNA was used for nonlinear static 
analysis of structures in three dimensions using implicit and explicit solvers. 
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1.2 Aim and objectives 
The aim of this thesis is to develop a nonlinear FE model, numerically simulate 
the structural response of simply supported IPE steel beam, compare the 
simulation results with the physical lab test under point load by using FEA 
techniques in LS-DYNA.  
 
The following objectives are set to achieve the aim of the study: 
 
1. To develop an FEA model to simulate steel IPE beam under point load in LS-
DYNA to replicate lab test. 
2. To perform a mesh sensitivity analysis from four different element sizes of 
2mm, 4mm, 6mm and 8mm meshing using implicit code and 6mm, 8mm, 
12mm and 14mm meshing using explicit code. 
3. To develop an FEA model to simulate the structural response of IPE beam in 
a fire, heated from four sides in an unprotected IPE beam. 
4. Manual calculation of the temperature of carbon steel in unprotected IPE 
beam using Eurocode. 
5. To compare the load versus displacement curve from the lab test and the 
numerical simulation. 
6. Running the finite element model with implicit and explicit solvers in LS-
DYNA. 
1.3 Methodology 
To complete this study and meet the objectives set first publications and 
studies were conducted on nonlinear analysis, FEA, LS-DYNA, Fire design, static 
analysis, explicit analysis and implicit analysis in LS-DYNA. Also, LS-DYNA 
software and material model definition for steel were explored in detail 
including videos about the LS-DYNA and successfully running them in LS-DYNA 
Manager.  
 
Calculation of material definition for steel based on Eurocode were completed 
in excel sheet. Modelling was carried out for the numerical simulation in LS-
DYNA. The several approaches involved in solving physical problems by using 
LS-DYNA are as follows: 
 
-Creating a finite element model in LS-PrePost. 
-Choosing material model and properties. 
-Assigning material and property. 
-Assigning loads and boundary condition. 
-Specifying the control parameters. Selecting implicit or explicit solver. 
-Creating input files and saving them. 
-Running the input files in LS-DYNA manager to get a results output file 
-Post-processing the d3plot file in LS-PrePost. 
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By using the above approaches eleven finite element model was created (four 
implicit static analysis, five quasi-static explicit analysis and two structure fire 
analysis) and run successfully in LS-DYNA. 
2 THEORETICAL BACKGROUND 
LS-DYNA is an advanced multipurpose finite element code for analysing the 
large deformation with a static and dynamic response of structures. This 
chapter presents the basic theoretical background for the finite element 
simulation in LS-DYNA. 
2.1 FINITE ELEMENT METHOD 
2.1.1 Basic Concept 
The finite element method is a numerical method for solving the problems of 
engineering and mathematical physics. In modern engineering analysis, it is 
rare to find a project that does not require some types of finite element 
analysis (FEA). The basic idea in the Finite Element Method (FEM) is to obtain 
the solution of a complicated problem by analysing the real-life structures into 
finite pieces. FEM is a numerical or computational technique for solving 
different complex engineering problems. 
  
FEM can be applied to solving different static and dynamic engineering 
problems, from stress analysis of simple beam structure or a large, complicated 
machine to dynamic responses under different mechanical, structural, or 
thermal loading. In manufacturing, FEA is used in simulation and optimization 
of manufacturing processes like casting, machining, plastic melding, forging, 
metal forming, heat treatment and welding etc. Structural, dynamic, thermal, 
magnetic potential and fluid flow problems can easily be handled accurately by 
using Finite Element Analysis. (Radhakrishnan., 2008, p.189) 
  
In the finite element method, the boundary and interior of the region are 
subdivided by lines or surfaces into a finite number of discrete sized subregions 
or finite elements. Several nodal points are established with the mesh. The size 
of an element is usually associated with a reference length. Table 1 shows the 
application of the finite element method. (Akin, 2005, p.6) 
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             Table 1. Application of FEM (Akin, 2005, p.5) 
                  Area of Study Application examples 
Solid or Structure mechanics Structure failure analysis, 
crash simulation, nuclear 
reactor, wind turbine blade 
design, beam and truss 
design, limit load analysis. 
Acoustic Conduction Aerodynamic analysis of cars 
and aeroplane, seepage 
analysis, air conditioning 
modelling of a building. 
Heat Conduction Cooling and casting 
modelling, combustion 
engine, electronic cooling 
modelling. 
Electromagnetics Electromagnetic interference 
suppression analysis, sensor 
and actuator field 
calculations, antenna design 
performance predictions. 
 
2.1.2 Brief history of FEM  
The Finite Element Method was developed originally for the analysis of aircraft 
structures. Courant first developed the foundation of the FEM in the 1940s 
(Rao, 2014, p.3). The stiffness matrix for truss, beam and other elements were 
developed during 1956. Clough created the name 'finite element' presents the 
application of simple finite elements for the analysis of aircraft structure and is 
considered as one of the key commitments in the advancement of a finite 
element method. The digital computer provided a rapid means of performing 
the many calculations involving the finite element analysis, which made the 
method practically possible. Several significant developments have emerged in 
FEM software with the introduction of integrations sensitivity, FEM codes and 
development of CAD programs to model complex geometry in recent years. 
Table 2 below summarizes history of finite element modelling from the year 
1943 till 2014. (Rao, 2014, p.3) 
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             Table 2. Summarized history of FEM (Rao, 2014, p.4) 
Year Major Achievements 
1943 Variation method which was the foundation of FEM 
1956 Stiffness method for beam and truss 
1960 A finite element was created  
1967 The first book of FEM by Zienkiewicz and Chung was 
published 
1970 FEM applied to non-linear problems and large 
deformation 
1970 Digitalization of FEM in computers  
1980 Used of GUI and microcomputer 
1990 Large structural systems analysis, nonlinear and 
dynamic problems 
2000 Multiphysics and complex engineering problems 
2014 Advanced FEA tools 
2.1.3 General steps involved in Finite Element Analysis 
In the finite element method, the actual body of matter, such as a solid, liquid, 
or gas, is represented as an assemblage of subdivisions called finite elements. 
These elements are interconnected at specified joints called nodes or nodal 
points. The nodes usually lie on the element boundaries where adjacent 
elements are connected. The general procedure of FEM, which is shown in 
Figure 1 below, can be summarized as an orderly step by step process with 
reference to static structural problems as follows: 
 
1. Select the element type and discretize (Rao, 2004, p.16) 
 
The first step in the finite element method is to divide the structure into 
subdivisions or elements. Therefore, the structure is to be modelled with 
suitable finite elements. The number, type, size, and arrangement of the 
elements are to be decided. 
 
2. Selection of proper interpolation to connect different nodes (Rao, 2004, 
p.16) 
 
Since the displacement solution of a complex structure under any predefined 
load conditions cannot be anticipated precisely, we expect some reasonable 
solution within an element to approximate the unknown solution. The 
expected solution must be straightforward from a computational point of view; 
however, the solution or the interpolation model is taken in the form of a 
polynomial. 
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3. Development of the element stiffness matrices and load vectors (Rao, 2004, 
p.16) 
 
From the assumed displacement model, the stiffness matrix [𝑘(𝑒)] and the load 
vector 𝑝(𝑒) of an element, (e) is to be derived by using either equilibrium 
conditions or a suitable variational principle. 
 
4. Assembly of the element matrices to an obtained global matrix for entire 
FEM modal (Rao, 2004, p.16) 
 
Since the structure is composed of several finite elements, the individual 
element stiffness matrices, and load vectors are to be assembled in a suitable 
manner and the overall equilibrium equations should be formulated as 
[k]Φ=P. 
 
Where [k] is the assembled stiffness matrix, Φ is the vector of nodal 
displacements, and P is the vector of nodal forces for the complete structure. 
 
5. Solution for the unknown nodal displacements (Rao, 2004, p.16) 
 
The overall equilibrium equations must be modified to account for the 
boundary conditions of the problem. After incorporation of the boundary 
conditions, the equilibrium equations can be expressed as  
[k]Φ=P. 
 
6. Computation of element strains and stresses 
 
From the known nodal displacement Φ, if required, the element strains and 
stresses can be computed by using the necessary equations of solid or 
structural mechanics (Rao, 2004, p.16). 
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Figure 1. General stages in Finite Element Analysis (Akin, 2005, p.4) 
2.1.4 Possible errors by Finite element Method 
FEM is a numerical method or computational technique which discretises the 
structure into finite pieces. The result of these types of technique contains the 
following types of errors. (Akin, 2005, p.12) 
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Modelling errors due to simplification 
 
The finite element description is a boundary value problem (BVP), which means 
there is a differential equation with several constraints. Errors of this type can 
include the wrong geometric description, the wrong definition of the material, 
wrong boundary conditions, the wrong type of analysis and wrong definition of 
a load. 
 
Discretization errors 
 
 These types of error are due to the discretization of the structure into finite 
pieces. The geometry and displacement distribution of a real structure is 
continuously changing. When using a finite number of elements to model the 
structure, the discretized structure cannot be fully matched with a real model 
which causes errors. These errors can be reduced using smaller element sizes 
checking the software is operating with the input value and good interpolation 
functions. 
  
Numerical errors 
 
 These errors are due to round off errors from the computer floating-point 
calculation and errors generated by numerical integration. These errors cannot 
be eliminated but can be reduced so that they do not influence the results. 
Rounding error in FEA can be caused by adding, subtracting minimal and large 
numbers. 
2.2 Types of Analysis in FEA 
2.2.1 Linear Analysis 
Linear Analysis is the properties of the structure in which stiffness remained 
constant during the entire analysis. A linear analysis is an analysis where a 
linear relation holds between applied forces and displacements. In a linear, the 
stiffness matrix is constant and solving process is relatively short compared to 
nonlinear analysis. Figure 2 denotes force versus displacement curve in linear 
and nonlinear analysis. 
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Figure 2. Force vs Displacement curve in linear and nonlinear analysis. 
(communities.bently.com, n.d) 
A linear FEA analysis is performed when: 
- The structure is expected to behave linearly (for small deformation /strain). 
- The stress is proportional to the strain. 
- The structure will return to its original state when the load is removed. 
- Superposition principle applies 
2.2.2 Nonlinear analysis 
Nonlinear analysis is the analysis in which properties vary due to large 
displacements in the structure (geometric nonlinearity), large scale yielding in 
the material (material nonlinearity) or changes in boundary conditions. 
  
Nonlinear analysis is an analysis where a nonlinear connection holds between 
applied forces and displacements. Nonlinear effects can start from geometrical 
nonlinearities (i.e. Big deformations), material nonlinearities (i.e elasto-plastic 
material), and contact. These impacts bring about a firmness framework which 
is not steady during the heap application. This is against the linear static 
analysis, where the stiffness matrix remained constant. As a result, a different 
solving strategy is required for the nonlinear analysis. Modern analysis software 
makes it possible to solve complex nonlinear problems. (Femto.eu, n.d) 
Figure 3 denotes the stress-strain curve of steel material with nonlinear 
behaviour of structures with different categories. 
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Figure 3. Nonlinear behaviour of structure with different categories.  
(Younis, 2009)  
 
Types of Nonlinear Analysis: 
  
Geometric Nonlinearity 
  
Geometrical nonlinearity is about a change in geometry where it significantly 
affects load-deformation treatment no matter how small or big deformation 
happens. Geometrical nonlinearity can be defined for extremely large 
deformations where the relation between displacement and strain is nonlinear. 
  
Material nonlinearity  
  
Material nonlinearity involves the nonlinear behaviour of a material based on a 
current deformation, deformation history, rate of deformation, temperature, 
pressure, etc. Examples of nonlinear material models are large strain Visco 
elastoplasticity and hyperelasticity (rubber and plastic materials). 
  
Constraint and contact Nonlinearity  
  
Constraint nonlinearity in a system can occur if kinematic constraints are 
present in the model. The kinematic degrees-of-freedom of a model can be 
constrained by imposing restrictions on its movement. 
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2.2.3 Finite Element Methods in Static Analysis 
FEM has been most broadly utilized in both linear and nonlinear static analysis. 
The different kinds of static problems are solved using FEM different field, 
which includes elastic, elastoplastic, viscoplastic analysis of beam, frame, truss, 
plate, shells and solid structure. Usually, the static analysis includes an analysis 
of stress, strain, and displacement under static loading for one-dimensional, 
two-dimensional or three-dimensional problems. Basic static analysis is the 
static loading analysis which can cause non-permanent or permanent 
deformation generally used for determining stresses and strains caused by a 
force that does not create notable inertia or damping effects. (Jenkins, 2019) 
  
A linear static analysis is an analysis where a linear relation holds between 
applied forces and displacements. In practice, this is between applied forces 
and displacements. In practice, this is applicable to structural problems where 
stresses remain in the linear elastic range of the used material. In linear static 
analysis, the model stiffness matrix is constant, and the solving process is 
relatively short compared to a nonlinear analysis on the same model. 
Therefore, for the first estimate, the linear static analysis is often used before 
performing a fully nonlinear analysis. (Rusu, 2017) 
2.2.4 Dynamic Analysis in Finite Element Analysis 
Dynamic FEA is a powerful simulation technique which can be applied in 
complex engineering systems. Dynamic analysis is used to evaluate the impact 
of transient loads or to design out potential noise and vibration problems. 
Vibration analysis testing is expensive in real life in which dynamic analysis at 
the design stage can avoid or reduce the requirement and the cost of testing.  
  
Modal analysis is used to identify natural frequencies. Modal analysis is a 
powerful tool in FEM software which allows an engineer to design the product 
to avoid excitation to coincide with natural frequencies which minimize 
excessive vibration. Animations can be produced with valuable information into 
how the structure behaves under dynamic loading. Modal analysis is a standard 
tool in design to avoid the vibration in the structure design. Dynamic loading on 
a machine will introduce vibrations. Transient dynamic analysis is used to 
determine the dynamic result of a structure under the action of time-
dependent loads. The flexible, dynamic analysis is the most versatile dynamic 
analysis which is used to determine the time-varying displacements, strains, 
stresses, and forces in a structure as it responds to transient loads. 
(trivista.co.uk, n.d.) 
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2.3 Structural Fire Analysis 
 
Finite Element Analysis (FEA) is a powerful and well-recognized tool used in the 
analysis of heat transfer, thermal stresses, thermal displacement, temperature 
distribution problems. The two types of heat transfer are convection and 
radiation, which is approximated by boundary conditions in FEA. Modelling all 
three mechanisms of heat transfer without arbitrary assumption requires the 
combined use of FEA and Computational Fluid Dynamic (CFD). (sae.org, n.d)  
  
Fire is a complex process which has many forms, involves in different chemical 
reactions and causes structural damage. During design criteria for structure, 
structural fire safety requires expectation for the structural and heating 
models. 
A temperature vs time curve usually represents fire. Fire safety in buildings is 
concerned with achieving two fundamental objectives to reduce the loss of life 
in, or in the neighbourhood of, building fires and to reduce the property or 
financial loss. (University of Ljubljana, 2019) 
  
Figure 4 is a temperature vs time curve, which gives the average temperature 
reached during a fire in a small size compartment or the furnaces used for fire 
resistance tests. International standards are based on the standard fire defined 
by the ISO 834 curve (Figure 4) 
 
 
Figure 4. ISO Standard fire curve (University of Ljubljana, 2019) 
 
Below Figure 5 and 6 illustrate the influence of fire load density and ventilation 
of compartment gas temperature.  
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Figure 5. Evolution of the gas temperature for different fire load densities 
 (University of Ljubljana, 2019) 
 
Figure 6. Evolution of gas temperature as a function of the ventilation. 
            ( University of Ljubljana, 2019) 
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The temperature of steel increases similarly but with some delay compared to 
the gas temperature in the fire. When a structural member is exposed to fire 
the response is governed by the rate heated due to mechanical properties of 
materials decrease as temperature rises and the structural resistance of a 
member reduces with temperature rise. (University of Ljubljana, 2019) 
 
 
 
Figure 7. Influence of insulation on the heating rate. (University of Ljubljana, 
2019) 
 
In Figure 7, the temperature rise in the three cases is compared to the same 
element. Curve (a) denotes the delay for the bare element, while curve (b) and 
(c) apply to the cases of some protective coating, without and with moisture 
content. (University of Ljubljana, 2019)  
2.3.1 Heat reaction in steel material 
Steel is isotropic material in which no heat is generated within the body of steel 
elements. The rise of temperature in steel structure depends on the heat 
transfer between the fire environment and the element. According to the 
second law of thermodynamics, energy in the form of heat is transferred 
between any two elements, which are at different temperatures. Conduction, 
radiation and convection are the modes by which thermal energy flows from 
regions of high temperature to low temperature. The approach to study the 
increase of temperature in structural elements exposed to fire is based on the 
integration of the Fourier heat transfer equation for non-steady heat 
conduction inside the element. (University of Ljubljana, 2019) 
 
               
𝑘𝑠
𝜌𝑠𝑐𝑠 
Δ^2θ=
𝑑𝜃
𝑑𝑡
  (1) 
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 Fourier heat transfer equation Equation (1) 
              where for steel material, 
 
The specific mass of steel(ρs) = 7850 kg/m^3 
The thermal conductivity (Ks) depends on the temperature. 
The specific heat cs depends on the temperature. 
 
 
 
Figure 8. Specific heat of steel as a function of the temperature. (University of 
Ljubljana, 2019) 
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Figure 9. Thermal conductivity of steel. (University of Ljubljana, 2019) 
Figure 8 denotes the specific heat of steel in temperature and Figure 9 
illustrates the thermal conductivity of steel in fire. 
 
 
17 
 
 
 
 
Figure 10. Heat flow for (a) element in continuum and (b) length of the steel 
section. (University of Ljubljana, 2019) 
 
The quantity of heat transferred per unit length in the time interval Δt is, 
 
             ΔQ = K*𝐴𝑚*(𝜃𝑓-𝜃𝑠)* Δt                                         (2) 
where, 
K is a total heat transfer coefficient  
 
Am is the perimeter surface area per unit length exposed on fire 
 
𝜃𝑓 is the temperature of hot gases 
 
 𝜃𝑠is the temperature of steel during the time interval Δt 
 
If this quantity of energy is entirely absorbed by the section, i.e no loss of heat 
is considered, the internal energy of the unit length of a steel element 
increases by the same quantity. 
 
              ΔQ = 𝑐𝑠*𝜌𝑠*A*Δ𝜃𝑆                                             (1) 
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where, 
 
A is the cross-sectional area of the member(m^2) 
 
The temperature rise of the steel is given by combining mass density ρs and 
specific heat cs, 
2.4 Material properties 
2.4.1 Tensile tests  
The aim of the tensile test is to assess material properties for the metal. The 
properties obtained are utilized for the plan of parts. For the tensile test first, 
the specimen is placed in the testing machine and then a force is applied. The 
force is increased gradually, and a strain gauge measures the change of length 
in the specimens. The results of a single test can be applied to all sizes and 
cross-sections of specimens if the force is converted to stress and the distance 
between gauge marks to strain. (Askieland et al. 2010, p. 160.) 
 
              𝜎 =
𝐹
𝐴
                                                                 (2) 
 
 
Figure 11. The behaviour of metal at small strains. (Wikipedia.com, n.d) 
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Figure 11 above presents a typical stress-strain curve at the small strains 
obtained from a tensile test. The maximum stress that can be applied without 
causing permanent deformations is called the elastic limit. 
2.4.2 Behaviour of the material at larger strains 
Figure 12 below shows the behaviour of test material at larger strains. After the 
initial region, the specimen becomes plastic. The maximum stress on the stress-
strain curve is the point at which necking starts. In necking the cross-sectional 
area of the specimen starts to decrease, and with a reduced area, less force is 
needed to continue the deformation. As engineering stress is based on the 
initial cross-sectional area A, the curve starts to decrease. Due to necking, the 
stress becomes rather localized, and the final rupture takes place. (Baeker 
2006, p. 40)  
 
 
 
 
Figure 12. Illustration of necking and final rupture of a ductile test in large 
strains. (Engineeringnotes,com, n.d) 
 
 
 
 
2.4.3 True stress and strain  
Engineering strain (ε) is a small strain result, which is computed using original 
geometry. The engineering strain result is a linear measure since it depends on 
the initial geometry. Engineering strain is defined as the change in length 
divided by the original length.  
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              𝜀 =
𝛥𝑙 
𝑙
                                                         (5) 
 
Where,        
                      ε   is an engineering strain [Pa] 
                      Δl is changed in length [m] 
                      l    is original length 
                      
 
Engineering stress (σ), is the conjugate stress measure to engineering strain (ε). 
It is also defined as the force per unit area. Which is given by, 
 
 
             𝜎 =
𝐹
𝐴
                                                                                      (3) 
 
Where         
                          σ is engineering stress [Pa] 
                          F is force [N] 
                          A is the cross-sectional area [m2] 
 
True stress is defined by using the deformed cross-section instead of the initial 
one. 
              𝜎𝑡 = 𝜎(1 + 𝜀)                                           ( 4) 
 
A true strain is a logarithmic strain which provides a correct measure of the 
strain. 
             𝜀𝑡 = 𝑙𝑛(1 + 𝜀)                                           (5) 
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Figure 13. True stress-strain and engineering stress-strain curves. 
(Engineeringnotes.com, n.d) 
 
 
 
The true stress-strain curve (Figure 13) is compared with the engineering 
stress-strain curve in the above figure. The curve is the same until the yield 
point after that true stress continues to rise although the required load fall. 
(Beer et al, 2012, p.62) 
3 LS-DYNA 
3.1 LS-DYNA BACKGROUND 
LS-DYNA is an advanced Finite Element Package software which specializes in 
highly nonlinear transient analysis using an explicit integration scheme. LS-
DYNA was known as DYNA3D earlier in 1974. John Hallquist developed his code 
on a language called FORTRAN. FORTRAN was a programming language which 
was related to mathematics. In 1984 LSTC was born as a software company 
where they developed or expanded the code as LS-DYNA. (d3view.com, n.d.) 
 
LS-DYNA is an advanced general-purpose finite element program capable of 
solving and simulating complex real-world problems created by the Livermore 
Software Technology Corporation (LSTC). While the package continues to 
contain more and more possibilities for the calculation of many complex, real-
world problems, its origins and core-competency lie in highly nonlinear 
transient dynamic finite element analysis (FEA) using explicit time integration. 
LS-DYNA is used by a wide range of industries such as automobile, aviation, 
structural designing, military, manufacturing, construction and bioengineering 
industries. 
22 
 
 
 
 
LS-DYNA potential applications are numerous and can be tailored to numerous 
fields. In a given simulation, any of LS-DYNA`s numerous features can be 
combined to model a broad scope of physical occasions. An example of a 
simulation, which involves a one of a kind features, is the NASA JPL Mars 
Pathfinder landing simulation which simulates the space test´s utilization of 
airbags to help in its landing. LS-DYNA is one of the most flexible finite element 
analysis software packages available. 
 
LS-DYNA run requires a command shell, executable, an input file and enough 
free disk space to run the calculation because LS-DYNA consists of a single 
executable document and is entirely command-line driven. All input files are in 
a simple ASCII format and along these lines can be prepared using any content 
editor. Input documents can also be prepared with the instant help of a 
graphical processor. (lstc.com, n.d.) 
 
3.2 LS-PrePost 
LS-PrePost is an advanced pre-processing and post-processing software by 
Livermore Software Technology Corporation that can be downloaded free. For 
this thesis, LS-PrePost was used for post-processing and pre-processing 
software. Table 3 shows the list of features of LS-PrePost.  
(lstc.com, n.d) 
 
Table 3. Capabilities of LS-PrePost (Livermore Software Technology Corporation, 
n.d) 
Pre-processing capabilities Post-processing capabilities 
Modelling the specimen  D3PLOT Animation 
Meshing Eigen Mode Animation 
Importing different format 
files  
BINOUT Processing 
Editing the imported files  DYNAIN Generation 
Model-checking ASCII Plotting 
Metal forming Time history plotting 
Timestep checking Fringe Plotting 
 
3.3 Capabilities of LS-DYNA  
Analysis capabilities in modern CAE software are extended to spread composite 
solid, laminated composite shell, sandwich shell, fatigue, and fracture. Typical 
loading situations are concentrated loads, surface forces, body forces, non-zero 
nodal displacement, nodal temperature gradients etc. Table 4 gives the 
capabilities of finite element software packages and illustrates the capabilities 
of LS-DYNA. (Radhakrishnan, 2008, p. 215) 
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                  Table 4. Capabilities of LS-DYNA (Livermore Software Technology Corporation,  
              2006) 
Capabilities Application 
Static 
analysis  
Stresses and displacements calculation of 
structure under static loading. 
Dynamic 
analysis 
Transient and steady-state response of a 
structure calculation under dynamic loading. 
Modal 
analysis 
Computation of natural frequencies associated 
mode shapes of the structure, response 
spectrum analysis, random vibration and 
forced vibration problems. 
Stability 
analysis 
Determination of buckling loads on the 
structure 
Heat transfer Computation of temperature distribution and 
heat flow within a structure under steady-
state and transient conditions 
Field 
problems 
Analysis of field intensity and flux, the density 
of a magnetic field, analysis of field problems 
in acoustics and fluid mechanics. 
Coupling 
effects 
Solution techniques for interfacing multiple 
field effects such as displacement, forces, 
temperature, heat flows, electrical voltage and 
current, magnetic field intensity and flux, and 
fluid pressure and velocity. 
Non-linear  Computations considering the temperature 
dependence of material properties, plasticity, 
non-linear elasticity, creep, swelling, large 
deflections, and work hardening. 
Material 
properties 
Analysis of isotropic, orthotropic, sandwich 
plates, and composites. 
 
3.4 Implicit analysis in LS-DYNA 
An implicit code is a numerical code which uses Iterative solving method to solve 
the static problem. Static analysis is done using an implicit solver in LS-DYNA. In 
the nonlinear implicit analysis, the solution of each step requires a series of trial 
solutions to establish equilibrium within an individual tolerance. Implicit analysis 
requires a numerical solver to invert the stiffness matrix once or even several 
times throughout a load/time step in which matrix inversion is an expensive 
operation, especially for large models. (dynasupport.com, n.d.) 
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Benefits of implicit analysis  
 
• Can be used to apply pre-loads (gravity, bolt pre-load) to a structure 
before an explicit analysis. 
• Good for static and quasi-static problems. 
• Time step size is in practice limited by accuracy consideration, 
automatic time step control is available. 
 
 
Implicit keyword setup in LS-PREPOST to activate implicit analysis in LS-DYNA 
are as follows: 
*CONTROL_IMPLICIT_GENERAL 
*CONTROL_IMPLICIT_SOLVER 
*CONTROL_IMPLICIT_SOLUTION 
*CONTROL_IMPLICIT_AUTO 
*CONTROL_IMPLICIT_DYNAMICS 
*CONTROL_IMPLICIT_EIGENVALUE 
 
Objectives of LS-DYNA Implicit 
• To provide a complete implicit solver, fully comparable to any implicit 
code when it comes to functionality, robustness and performance. 
• Implicit functionality, both linear and nonlinear, is implemented in LS-
DYNA 
• Efficiently parallelized code in both MPP and SMP 
3.5 Explicit analysis in LS-DYNA 
Explicit code is the direct solving method used to solve the dynamic problem. In 
the explicit analysis, no iteration is required as the nodal accelerations are 
solved directly. Explicit analysis handles nonlinearities with relative ease as 
compared to implicit analysis. (dynasupport.com, n.d.) 
 
The explicit analysis runs into its limit for long-duration processes in which 
implicit analysis is more preferable than explicit analysis in LS-DYNA. 
 
In general, implicit input card can easily be transformed into explicit input card. 
After running the implicit analysis, *CONTROL_IMPLICIT_GENERAL card is 
edited with IMFLAG= 0. Figure 14 shows transforming the implicit code to 
explicit code in LS-Dyna keyword.  
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  Figure 14. Transforming to explicit analysis in LS-DYNA. 
 
Quasi-static analysis solves the static problem in which kinetic energy should 
equal to zero using explicit code. 
3.6 Time step Controls 
Time integration is the relation between physical properties (time) with the 
numerical method. Time step is only specific to explicit code in LS-DYNA.  
During the solution, a new time step size is determined by taking the minimum 
value overall elements. (dynasupport.com, n.d) 
 
              𝛥𝑡𝑛+1=α*min (𝛥𝑡1, 𝛥𝑡2, 𝛥𝑡3, . . . . . . , 𝛥𝑡𝑛)                          (6) 
where n is the number of elements. For stability, the scale factor α is typically 
set to a value of 0.90 or smaller. (lstc.com, 2006) 
 
“Shock wave propagation speed in any material cannot exceed acoustic wave 
speed in that material” according to Courant-Friedrichs-Lewy (CFL).  
(Sormunen, 2016, p.9) 
  
The maximum time step Δt that can be used in the analysis is limited by CFL 
condition as 
 
             Δt ≤ f [
ℎ
𝑐
]                                                                        (10) 
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where c is the speed of sound in the material, f is the time step safety factor ( 
0.9 is the default) and (h) is the characteristic element dimension. 
(simscale.com, n.d) The CFL condition restricts the wave from travelling more 
than the dimension h in a one-time step. Characteristic dimensions for different 
element types are calculated by the differential equation as shown in Table 5. 
(Sormunen, 2016) 
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Table 5. Calculation of characteristic dimension for low order element. 
(Sormunen, 2016) 
 
 
 
 
Element 
Type 
Geometry Characteristic 
dimension(h) 
Hexahedral 
solid 
 
The volume of 
the element 
divided by the 
area of the 
largest face 
 
h=x 
     
Tetrahedral 
solid 
 
Minimum 
distance from 
a node to an 
opposing 
surface. 
 
h=√
2
3
x 
Quad shell 
 
The square 
root of the 
area of the 
element. 
 
 
h=x 
Triangular 
shell 
 
Two times the 
area of the 
element 
divided by the 
length of the 
longest side. 
Beam 
 
Length of the 
element 
 
h=x 
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Time step Control for Beam and Truss Elements (Dynamore, 2019) 
 
             Δt= 
𝑙
𝑐
 ,                                                     (7) 
where l is the length of the element and c is the sound of speed 
 
             c=√𝜀/𝜌,                                                        (8) 
where ε is the Modulus of elasticity and ρ is the density. 
 
 
4 EXPERIMENTAL TESTING RESULTS 
In the lab test, IPE 100 Steel Beam of length 1700mm with steel grade S 355 
was used. One end of the beam was placed in a hinge support and the other 
end of span was placed in a roller support. The force was applied exactly at the 
centre of the beam and the maximum deflection of the beam is noted as shown 
in Figure 15 and 16 below.  
 
 
Figure 15. Simply supported beam under point loading. 
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Figure 16. Beam testing in Lab. 
 
 
 
Figure 18 below shows the load versus displacement curve during the lab test. 
The ultimate load on the beam was 34.19 kN and its corresponding 
displacement was 19.12mm. Figure 17 below shows the stress versus strain 
curve of the steel. 
 
 
 
 
Manual Analysis 
 
From the statics table, the elastic deflection of the beam in the simply 
supported beam is given by  
 
                                                   f=F*L^3/48*E*I                                                            ( 9) 
 
Where, 
 
f=deflection 
F=point load 
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L=distance between support 
E=Elastic modulus 
I=Second Moment Area 
 
In this case, From the test result Figure 18 
 
F=34.19 Kn 
L=1700mm 
E=210Gpa 
I=1710000mm^4 
 
 
Therefore, From Equation (13), the elastic deformation corresponding to 
maximum load is given by f, 
 
f=F*L^3/48*E*I 
  =34.19*1700^3/48*210*171000 
  =9.74mm 
 
 
 
 
Figure 17. Properties of steel, stress versus strain diagram 
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Figure 18. Load versus Displacement Graph from lab test results. 
5 MANUAL CALCULATION DATA 
5.1  Element size calculation 
In numerical modelling, element size is defined by mesh refinement. During this 
research analysis time step (Δt) was defined as 0.3 microseconds for the 
calculation of the fine mesh size. The formula used in the calculation of the 
element size taken from excel sheet is described below in Figure 19.  
 
In an explicit analysis, the time step is affected by element size and material 
wave speed. Time step is proportional to the element size/ speed of a wave. 
 
The smaller the time step, the more steps it takes to complete the analysis and 
more time steps means longer run time at LS-DYNA. (dynasupport.com, n.d) 
 
Speed of sound (c) =√𝜀/𝜌 
   Characteristic length (Lc)= Δt × c 
 
Edge Length (Le) = √2×Lc 
 
 
Figure 19. Element size calculation in Excel sheet. 
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5.2 Effective plastic stress-strain calculation 
The methodology of engineering to true strain and true stress is described 
below shortly. Figure 20 shows effective plastic stress-strain calculation in Excel 
sheet. (dynasupport.com, n.d) 
 
True strain = ln (1+engineering strain) where ln is the natural log 
 
True stress = (engineering stress) × exp (true strain) 
                     = (engineering stress) × (1+ engineering strain) 
 
where exp (true strain) is 2.71 raised to the power of (true strain). 
 
Calculating the effective plastic strain from using the experimental data from 
true stress vs true strain curve. 
 
effective plastic strain (input value) = total true strain – true stress/E 
 
 
 
Figure 20. Effective plastic strain calculation sheet from Excel. 
Figure 21 shows the graphical representation of the engineering stress and 
strain, effective plastic strain and true strain versus stress curve. 
 
 
Figure 21. Graphical representation of Effective stress, strain curve after 
calculation. 
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Figure 22. Effective plastic stress-strain curve in LS-PrePost after inputting 
values. 
 
            The data illustrated in Figure 22 above was taken for the material linear 
             plasticity (Mat-24) in LS-PrePost. 
 
 
 
 
34 
 
 
 
5.3  Temperature calculation of steel beam under ISO fire                                                                                                                                             
 
The temperature distribution and time history in the cross-section were 
conducted in the Excel for unprotected steel members under fire. The 
temperature of the carbon steel was calculated in every 5 seconds till 2000 
seconds under fire. Later these value time in second and temperature of the 
carbon steel were used to run structural analysis in LS-DYNA. 
Below is the process of Excel calculation of the steel beam under fire. 
 
Properties of carbon steel taken from Eurocode. 
According to EN 1994-1-2, 
The density of carbon steel (𝜌) =7850 
kg
𝑚^3
 
 
Coefficient of heat transfer (∝c)=25 
W
m2.K
 
 
The surface emissivity of the member (𝜖𝑚)= 0.7 
 
The emissivity of the fire (𝜖𝑓)= 1 
 
Configuration factor (Φ) =1 
 
Specific heat capacity of the carbon steel (ca)= 420 
J
kg.K
 
 
Properties of IPE 100 steel beam exposed on fire, 
  
Depth(h)=100mm 
 
Width(b)=55mm 
 
Web thickness(s)=4.1mm 
 
Flange thickness(t)=5.7mm 
 
Fillet(r) =7mm 
 
Section area (A)= 1030m^2 
 
According to the EN 1994-1-2, 
 
Surface area of steel exposed on fire is given by (𝐴𝑚)=2.h + 4.b+2.pi.r- 8.r- 2t 
=397mm 
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Figure 23. Definition of section factor from EN 1994-1-2. 
 
Section factor (
𝐴𝑚
V
)= 
Surface area∗1000
Area of IPE beam exposed to fire
 =385.049
1
𝑚
 
 
Where Figure 23 above illustrates the rate at which a steel member will 
increase in temperature is proportional to the surface, A, of steel, exposed to 
the fire and inversely proportional to the mass or volume (V) of the member. In 
the fire, a member with a low section factor will heat up more slowly than the 
one with a high section factor.  
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Figure 24. Box value of the section factor [ 
𝐴𝑚
𝑉
]box 
 
              Above Figure 24 shows the formula for the calculation of section factor under  
              different condition of heat in the section. 
Surface factor [
Am
Vb
] = 2(b+h) =310mm, in our case for the section exposed with 
fire in four sides of the structure. 
 
 
Where [
Am
Vb
] is the box value of the section factor. 
 
 
Influence of shape on the shadow effect, 
 
Figure 25. Influence of shape on the shadow effect. 
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Above Figure 25 shows the influence of shape on the shadow effect taken from 
the Eurocode. For cross-sections with a convex shape (e.g. rectangular or 
circular hollow sections) fully embedded in the fire, the shadow effect does not 
play a role and consequently the correction factor 𝑘𝑠ℎ  equals unity. For I-
section under nominal fire actions, the correction factor for the shadow effect 
may be determined from.  
 
Correction factor (𝑘𝑠ℎ)= 0.9 
Am
v
box
Am
v
 
          
 
The time interval (∆𝑡)=5s 
 
Time in minute (Tm) =  
Δt
60
  
 
 
Nominal Temperature-Time Curves 
 
Temperature-time curves are analytical functions of time that give the 
temperature. The term curve comes from the fact that these functions are 
continuous and can be used to draw a curve in a time-temperature plane. 
 
Eurocode 1 proposes three different nominal temperature-time curves. The 
standard temperature-time curve is the one that has been historically used, 
and it is still used today, in standard fire tests to rate structural and separating 
elements. It is often referred to as the ISO curve because the expression was 
taken from the ISO 834 standard. This standard curve is given by  
 
                                θg=20+345log10(8t+1)                                         (14)      
 
where 𝜃𝑔 is the gas temperature in degree C and t is the time in minutes? 
 
 
The surface temperature of the steel θm =20 
 
Heat convection (h𝑛𝑒𝑡.𝑐) = αc(𝜃𝑔-𝜃𝑚) 
 
𝜃𝑟 = 𝜃𝑔       
 
Heat radiation  
 
          hnet.r  = Φ.εf.εm. 5.67.10
−8 − {(θr+273) ^4-(θm+273) ^4}          (15) 
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The same formula is applied to calculate the temperature of steel in every 5 
seconds till 2000 second more calculation is presented in Excel file in Appendix 
2. Figure 26 represents the temperature of steel and gas till 2000 seconds 
calculated in Excel which shows the temperature of steel is about 880 C in 
2000 seconds.  
 
Figure 26. Graphical representation of gas and steel temperature till 2000 
seconds. 
 
6 3D FINITE ELEMENT MODEL DESCRIPTION 
6.1 3D Modelling of the geometry in LS-PRE-POST 
6.1.1 General dimensions and process of modelling in LS-PrePost 
The Finite Element model is created using shell element with ELFORM 16 (fully 
integrated shell element modified for higher accuracy) in LS-PrePost. 
Figure 27 shows the dimensions of IPE Beam. The same specimen and same 
dimension were used in a lab test and FE model created on LS-PrePost with the 
length of 1700mm. Figure 27 shows the cross-section of a simply supported 
beam. 
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Figure 27. Cross-section of IPE 100 beam. 
 
 
Figure 28 shows the definition of the dimensions of the IPE Beam in LS-
PrePost(v4.6.8-29May2019). Seven points (0,0,0), (0, 47.15,0), (27.5, 47.15, 0), 
(-27.5, 47.15, 0), (0,-47.15,0), (27.5, -47.15,0) and (-27.5, -47.15, 0) individually 
along (x,y,z) direction. Figure 29 shows the result after above inputs in LS-
PrePost. 
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Figure 28. 3D point input in LS-PrePost. 
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Figure 29. 3D Sketch input of point in LS-PrePost. 
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Figure 30 below shows the input parameter of the line segment of IPE Beam in 
LS-PrePost. Three lines were created one by one as shown in Figure 30. 
 
 
 
Figure 30. 3D sketch input of line segment in LS-PrePost. 
 
 
 
 
 
 
 
 
43 
 
 
 
Figure 31 below shows the 3D model of IPE Beam in LS-PrePost. After the input 
of the line segment, the length of 1700 mm is extruded through the surface and 
extrude command in LS-PrePost. 
 
 
Figure 31. 3D model of IPE Beam in LS-PrePost. 
 
 
6.1.2 Meshing  
The IPE Beam has meshed with mixed type mesh with triangular and square 
types of mesh as shown in Figure 32. Mesh was created from Auto Mesher in 
LS-PrePost with the average value of 2.19mm mesh size. 
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Figure 32. The meshing of IPE Beam in LS-PrePost. 
 
 
 
6.1.3 Creation of Three different Part ID  
This chapter shows how we can separate the Part ID in LS-PrePost from the 
single Part ID meshing. This is done using move or copy tool as in figure 33 
below which separates the Part ID.  
 
Whereby creating the mesh three-time can also be done during auto mesh 
which makes the process complicated and long.  
 
45 
 
 
 
As shown in Figure 33 using the move tool, the three-part id is created. Here 
unique name should be given each time. 
 
 
            
 
Figure 33. Process of separating the Part ID in LS-PrePost. 
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6.2 Boundary Conditions 
 
 
Seven boundary conditions, shown in Figure 34, were applied in the model. 
From the create entity keyword different boundary conditions were created 
from set data set node in LS-PrePost. The different colour which represents the 
different node selected for the definition of the boundary conditions. 
 
Figure 34. Creating an entity in LS-PrePost for the definition of Boundary 
condition (BC). 
 
Figure 35 shows the definition of the Displacement loading in the IPE Beam 
from the keyword manager tool. Degree of Freedom for the displacement 
loading was along the z-direction. 
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Figure 35. Connecting the set data with BC in LS-PrePost. 
 
 
6.3  Material 
Stainless steel IPE beam was modelled as an elastoplastic material during this 
research in LS-PrePost. Table 6 shows the material parameters used for steel. 
 
Table 6. Material properties of the steel IPE Beam. 
Property  Value 
Modulus of Elasticity(E) 2.100e+05 Newton/ mm2 
Mass density (ρ) 7.850e-09 ton/mm3 
Poisson`s ratio (PR) 0.30 
Yield stress (SIGY) 355 Mpa 
 
*Mat- 024_PIECEWISE_LINEAR_PLASTICITY which is an elastoplastic material 
was used during the modelling of IPE Beam in LS-PrePost. Figure 36 below gives 
a detailed input in LS-PrePost. The effective plastic stress (EPS1) and strain 
(ES1) value were taken from the manual calculation from chapter 5.2. 
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Figure 36. Keyword input for Steel IPE Beam in LS-PrePost. 
 
 
 
6.4 Choice of the element type in LS-DYNA 
During this research shell sections were created during modelling of IPE Beam. 
Shell elements are suitable for modelling structures that have one-dimension 
thickness small compared to the other side of the structure.  
 
There are forty (40) available shell element formulation options that can be 
chosen for the model. Choosing the right element formulation depends on 
terms of robustness, accuracy and speed with full integration. From an 
accuracy standpoint, shell type 16 is preferred over-under integrated 
formulations. Shell type 16 is chosen for modelling the section as shown in 
Figure 37. (LS-DYNA Theory Manual, 2006) 
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Figure 37. Element formulation type 16 keyword in shell section. 
7 MESH SENSITIVITY ANALYSIS 
In Finite element analysis, the size of the mesh is critical. The size of the mesh is 
closely related to the accuracy and number of mesh required for the meshing 
of the element. According to the theory of Finite Element Analysis, the finite 
model with small element size yields high accuracy as compared to the model 
with large element size. This chapter presents mesh sensitivity analysis with 
different element size using implicit code in 7.1 and explicit code in 7.2. 
7.1 Mesh sensitivity analysis using implicit code 
Convergence study on the different mesh size was studied in this finite element 
simulation model using implicit analysis in LS-Dyna. From the manual 
calculation of the element size, Figure 18 shows an edge length of 2.1943 mm 
for the fine mesh of the FE model. So, for the point load to be exactly on the 
middle node element size of 2mm was meshed. Four different mesh sizes were 
created in this research to accurately correlate with the test data. The mesh 
sizes ranged from 2 mm to 8mm as shown in Figure 38 below. 
 
The results, plotted in Figure 38, shows that there is a huge change in the shape 
of the force history. For the mesh size of 2mm maximum force was 34.30 kN for 
4mmm maximum force of 30.50 kN, for 6mm maximum force of 36.30 kN and 
for 8mm maximum force of 34.20 Kn. 
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Four finite element model with the different mesh size of 2mm, 4mm, 6mm 
and 8 mm were modelled in LS-Prepost. In all four finite element model 
material properties, boundary conditions and load defined are similar. The 
models were run using implicit static analysis in LS-DYNA. 
 
Figure 38 below illustrates the load vs displacement curve of the simply 
supported beam when the point load is applied in the mid-span of the beam. 
The maximum displacement for 2mm mesh size was 13mm while the load was 
34.34 kN, for 4mm mesh size was 15 mm and load 30.54 kN, for 6mm mesh size 
model was 20 mm displacement and load 36.34 kN and for 8mm mesh size 
model 15.1 mm and load were 34.20 Kn. Figure 39 shows the finite element 
model of a simply supported beam with different mesh sizes. 
 
 
 
 
Figure 38. Load versus displacement curve of a simply supported beam with  
 different mesh size. 
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(a)                                                               (b) 
 
 
(c)                                                                  (d) 
                            
Figure 39. Meshing with the different element size of IPE beam in LS-PrePost of  
             (a) 2mm (b) 4mm (c) 6mm (d) 8mm 
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Figure 40. Displacement resultant of a simply supported beam (a) 2mm mesh 
(b) 4mm mesh size (c) 6mm mesh size and (d) 8mm mesh size. 
  
 
 
 
Figure 40 above shows that the resultant displacement of a simply supported 
beam with different mesh size has similar later torsional buckling and the 
maximum impact is in the mid-span of the beam. The maximum resultant 
displacement was seen in fine mesh size of 2mm with 35.60mm, 31mm in 4mm 
mesh size, 27 mm in 6mm and 27mm in 8mm mesh size finite element model. 
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The results, plotted in Figure 38, show that there is a huge change in the shape 
of the force history as well as in the peak force as the mesh is refined. The 
solution time was also monitored along with the accuracy of the predicted 
force. The smallest mesh size of 2mm took 11 minutes and 41 seconds while 
the largest mesh size of 8mm took 44 seconds only while running with implicit 
analysis in LS-DYNA.  
 
From the mesh sensitivity analysis results in Figure 38 analyzing the load-
displacement curve of four different finite element model of the simply 
supported beam, it was observed that there was some error in a mesh 
sensitivity analysis. It was difficult to determine which element size was 
sufficient. Implicit static analysis was unsuccessful for the mesh sensitivity 
analysis in this research work.   
7.2 Mesh Sensitivity analysis using explicit code 
Again, to perform the mesh sensitivity analysis new finite element was 
modelled to run with the explicit code in LS-DYNA. The finite element model 
was modelled with different element size because while running the element 
size of 2 mm and 4mm it was taking more than 14 hours run time in LS-DYNA. 
In our University computers are automatically shut down after 14 hours So, a 
new finite element model was modelled with 12mm and 14mm element size. 
  
Four finite element models with the different element size of 6mm, 8mm, 
12mm, and 14mm were modelled in LS-PrePost. In all finite element material 
properties, boundary conditions and load defined are similar. The models were 
run using explicit static analysis in LS-DYNA. 
 
Figure 41. Load versus displacement curve of a simply supported beam with 
different mesh size. 
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Table 7. Mesh sensitivity analysis results. 
Mes
h 
size 
(m
m) 
Von 
mises 
(Mpa
) 
Num
ber of 
node
s 
Numb
er of 
Eleme
nts 
Simulati
on run 
time 
6m
m 
597 1054
5 
10224 2hour 5 
minutes 
8m
m 
635 5373 5134 1hour 
49 
minutes 
12m
m 
558.3
35 
2447 2288 20 
minutes 
35 
seconds 
14m
m  
538.3
35 
1853 1716 14 
minutes 
25 
seconds 
 
The results, plotted in Figure 41 above, show that there is little change in the 
shape of the load history as well as in the peak force as the mesh is refined. 
Table 7 shows the mesh sensitivity analysis results of the different element size. 
The solution was also monitored along with the accuracy of the predicted 
force. An explicit solver, LS-DYNA, was successful for the mesh sensitivity 
analysis in this research. By seeing the accuracy and the less solution time 8mm 
element size was sufficient. 
8 STRUCTURAL RESPONSE ANALYSIS TO THERMAL LOAD IN LS-DYNA 
The steel IPE beam was subjected to a thermal load in every node in the FEM 
model and point load in the middle of the steel IPE beam. The simulation was 
set up as “structural-only” analysis using static implicit time integration. For the 
definition of the thermal load, the keyword *LOAD_THERMAL_VARIABLE was 
used. 
 
At first, FE model was created using shell elements with fully integrated shell 
element modified for higher accuracy. The element size of 10mm was chosen 
due to its shorter simulation time. Three integration points are defined through 
the thickness. Temperature-dependent piecewise linear plastic material model 
MAT255 was used in this model for shell element. The material properties and 
stress-strain relations are defined according to EN1993-1-2. The temperature 
distribution and time history in the cross-section are specified according to the 
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Excel calculation for the unprotected steel member open section exposed to 
the fire according to the EN 1991-1-2.  
 
Figure 42. Material input for MAT_255 in LS-PrePost. 
 
 
Figure 42 above shows the material properties of steel were calculated 
according to the EN 1993-1-2. 
 
 
Figure 43. Calculation of Young`s modulus according to the EN. 
 
Figure 43 above shows the calculation of the temperature vs Young´s modulus 
curve where steel temperature and reduction factor were taken from EN 1993-
1-2. The slope of the linear elastic (Ea, θ) were calculated using the formula 
 
(Ea, θ) = Ea*(ky,θ)               
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Figure 44. Graphical representation of Temperature versus Young`s modulus in 
              LS-PrePost. 
 
 
Figure 44 above shows the Elastic Modulus vs Young`s modulus curve during 
the material definition of structure analysis. Figure 45 below shows the 
coefficient of thermal expansion versus Temperature curve. 
 
 
 
 
 
            Figure 45. Graphical representation of thermal expansion due to fire on steel. 
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Figure 46. Graphical representation of Temperature versus plastic stress-strain 
              curve. 
              
              
Figure 46 shows the graphical representation of the plastic stress versus strain 
curve of steel S 355 20C, 100C, 200C, 300C, 400C, 500C, 600C, 700C, 
800C, 900C and 1000C temperature. 
 
8.1 Analysis time in LS-DYNA 
In an explicit analysis, the time step is affected by element size and material 
sound speed. The computing time to simulate the simply supported beam 
under displacement loading in the mid-span of the beam is shown in Table 8 
below. All the analysis cases were run using shared memory parallel (SMP) 
double precision R9 version in LS-DYNA. 
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Table 8. Analysis cases and simulation time in LS-DYNA Manager. 
Analysis cases during 
research 
Total simulation time 
2 mm mesh size implicit 
analysis  
11 minutes 41 seconds. 
4mm mesh size implicit 
analysis 
3 minutes 13 seconds 
6mm mesh size implicit 
analysis 
58 seconds 
8mm mesh size implicit 
analysis 
43 seconds 
6mm mesh size explicit 
analysis 
2 hours 5 minutes and 15 
seconds 
10 mm mesh size implicit fire 
analysis with load 727 kN 
1 hr 2 minutes and 21 
seconds 
10 mm mesh size implicit fire 
analysis with 1818 kN load. 
47 minutes and 46 seconds 
 
9  ANALYSIS RESULTS AND COMPARISON WITH TEST 
In this chapter, the results of the finite element simulations using shell 
elements are presented and compared.  
 
9.1 Implicit and Explicit simulation results  
The FE model was run with the two cases static implicit analysis and explicit 
analysis in LS-DYNA with the same element size of 6mm. Point load was loaded 
in the middle of the steel IPE beam with the keyword 
*BOUNDARY_PRESCRIBED_MOTION_SET in LS-DYNA. The total CPU run time 
during explicit analysis was 2 hour and 5 minutes where only 58 seconds for the 
implicit analysis until normal termination. 
 
Figure 47 shows the force vs time curve for the implicit and explicit analysis in 
LS-DYNA. The maximum peak load during the numerical simulation was 36.34 
KN for implicit analysis and 40.04 KN for explicit analysis. 
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Figure 47. Force versus Time curve of steel IPE beam with a mesh size of 6mm. 
 
 
Figure 48. Load versus displacement curve of the simply supported beam. 
 
 
 
Figure 48 shows the load vs displacement curve of simply supported beam 
modelled with the same material, size and mesh size but run with the two 
different types of solvers in LS-DYNA. The maximum load and vertical 
displacement in the implicit analysis was 20 mm displacement and load 36.34 
kN wherein explicit analysis maximum displacement 15 mm and the load was 
40.34 Kn. Figure 49 and Figure 50 shows the displacement result from the 
explicit code and implicit code respectively. 
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Figure 49. Displacement result from the explicit analysis. 
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Figure 50. Displacement result from the implicit analysis. 
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9.2 Comparing the lab test and numerical simulation results. 
Figure 51 shows the residual deformation of the steel beam under the mid-
span point load. It was noticed from Figure 52 that later-torsional buckling 
behaviour is observed while the maximum of the lateral deformation is 
produced at mid-span of the simply supported beam. 
                         (a)   (b) 
             
Figure 51. Lab test (a) and (b) LS-Dyna simulation. 
 
 
                        
Figure 52. Plastic deformation of the beam. 
 
Figure 53 below shows the simulation results of simply supported beam from 
beginning to normal termination. 
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Figure 53. Simulation results of simply supported steel beam. 
    
 
 
 
Figure 54. Load versus displacement curve of a simply supported beam from a 
              lab test and LS-DYNA. 
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Above Figure 54 shows the comparison of load-displacement curves between 
the lab test and LS-DYNA simulation. It is seen that force and the maximum 
deformation comparing two tests look different. The possible reasons for 
different simulation and experimental results may be an error due to 
measurement, faulty equipment, an external force from an analyst during the 
experimental analysis. 
 
9.3 The structural analysis of IPE Beam in fire 
The FE model was created using shell elements with Fully integrated shell 
element for the accuracy and less simulation time. The element size created in 
finite element modelling was 10 mm and three integration points are defined 
through the thickness. This time different temperature-dependent piecewise 
linear plastic material MAT255 was used. The material properties and stress-
strain relations are defined according to EN 1993-1-2. 
 
 Figure 55 below illustrates the deformation response of the simply supported 
beam in fire at mid-span using shell elements under two different kind of point 
load 5090 N and 12726 N. The deformation curve by FE analysis captures the 
major behaviour of the simply supported beam in a fire. The failure mode is a 
plastic bending failure and later-torsional buckling in the mid-span of loading 
within orange is 5090 N and blue 12726 N. The fire resistance time was 7.15 
minutes when 5090 N load was applied on the simply supported beam and 3.30 
minutes when 12726 N load was applied. The deformation response seems 
closer to 22mm on 12726 N load and 23 mm on 5090 N load. The fire resistance 
time decreased when the load was increased in a simply supported beam in a 
fire. 
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Figure 55. Mid-span displacement by shell element model. 
 
 
 
Figure 56. Lateral torsional buckling in mid-span loading of a simply supported  
              beam under fire. 
 
 
Figure 56 above shows the simulation result of simply supported beam heated 
from all four sides during structural fire analysis. 
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10 CONCLUSION AND FUTURE STEPS 
This thesis investigated the nonlinear structural response of simply supported 
IPE beam subjected to mid-span load at both ambient and elevated 
temperatures. Five simulation tests and two fire tests, with a simply supported 
steel beam, were performed using LS-DYNA. Finite element model was 
modelled in LS-PrePost using the shell element using element formation 16. 
Static nonlinear implicit analysis and one explicit analysis were run in LS-DYNA 
during this thesis research. The structure fire analysis was carried out using an 
implicit solver due to less simulation running time, although an explicit solver is 
better for a large deformation and highly nonlinear material. 
  
Lateral torsional buckling behaviour from the numerical simulation test is not 
an accidental consequence due to structure or material defects, but the real 
response mode of the structure. The consistency between the numerical 
simulation and experiment results also shows that FE code LS-DYNA effectively 
simulates LTB with material and geometrical nonlinearities. Based on the 
results in chapter 10, the following conclusions are drawn: 
 
(1) After observing the simulation, deformation modes and lateral 
displacement, it was noticed that under point load in the mid-span of a 
simply supported beam at both ambient and elevated temperatures leads 
to the lateral-torsional buckling. The maximum effect of displacement 
loading was in the mid-span of a beam by the local deformation in the 
upper flange of the IPE steel beam.  
(2) LS-DYNA was able to replicate the beam testing under mid-span loading on 
simply supported IPE beam as in the physical lab test, after comparing the 
result between simulation and experiment. There was a huge difference in 
load vs displacement curve between the LS-DYNA simulation and 
experimental results. The peak load and maximum displacement during the 
numerical simulation was 40 kN and 15 mm whereas the lab test it was 
34.19 kN and 19 mm. The possible reason for this might be an error due to 
measurement, faulty equipment, external force, limitation of measuring 
devices during the experiment.  
(3) From mesh sensitivity analysis using implicit code results analysing the load 
vs displacement curve of four different finite element model of the simply 
supported beam with 2mm, 4mm, 6mm, 8mm, it was observed that the 
structure response was similar in all cases but there were huge changes in 
the peak load and the displacement. It was observed that there was some 
error in a mesh sensitivity analysis. Implicit static analysis was unsuccessful 
for the mesh sensitivity analysis. It was also found out that the smaller the 
mesh size the more simulation time was required in LS-DYNA. 
(4) From mesh sensitivity analysis using explicit code results analysing the load 
vs displacement curve of four different finite element model of the simply 
supported beam with 6mm, 8mm, 12mm and 14mm, it was observed that 
the structure response was similar in all cases but there were little changes 
in the peak load and displacement. Explicit static analysis was successful for 
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the mesh sensitivity analysis. By seeing the accuracy and the less solution 
time 8mm element size was sufficient.   
(5) From correlating the result from the implicit and explicit analysis it was 
found that compared to an explicit solver, implicit solver could achieve 
comparable results with drastically reducing computation time in LS-DYNA. 
The simulation time for the 6mm mesh sized finite element model took 58 
seconds during implicit analysis while it took 2 hours 5 minutes during 
explicit analysis. 
(6) From the structural analysis of the simply supported beam subjected to the 
fire, it was found that the fire resistance time was less in higher loads. It 
was noticed fire resistance time was 7.15 minute during 5090 N loading and 
3.30 minute during 12726 N loading. 
(7) In general, results illustrated previously in chapter 10 indicate that implicit 
and explicit static solver of LS-DYNA was able to capture the key 
phenomena of IPE steel beam under mid-span loading. 
 
Recommendations for further development and use for the model introduced 
in this thesis are presented in the following: 
 
The author suggests that finite element modelling can be modelled using beam 
element in LS- DYNA and results can be checked which is more accurate and 
less time consuming with the shell element result of this study. 
 
Moreover, due to the more simulation consuming time for the structure fire 
analysis, implicit code was used for this thesis. The result can be seen using 
explicit code in LS-DYNA in the future, then fire residence time can be 
compared. 
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APPENDIX 
 
Appendix 1 
 
Von Mises Stress simulation  
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Appendix 2/1 
 
Temperature Calculation from Excel sheet. 
 
Temperature calculation of unprotected steel IPE beam with fire exposed from 
all side is explained in the following excel sheet.  
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Appendix 2/2 
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Appendix 2/3 
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Appendix 2/4 
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Appendix 2/5 
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Appendix 2/6 
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Appendix 2/7 
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Appendix 2/8 
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Appendix 3/1 
 
General Controls, LS-DYNA implicit code input 
 
For the implicit static analysis in LS-DYNA following keywords were used for this 
research work. 
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Appendix 3/2 
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Appendix 3/3 
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Appendix 3/4 
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Appendix 4/1 
 
General Controls, LS-DYNA implicit code input for structure analysis in fire 
 
For the thermal problems in LS-PrePost are solved using implicit time integration. For 
implicit analysis following keywords were used for this thesis: 
 
 
 
 
 
86 
 
 
 
Appendix 4/2 
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Appendix 4/3 
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Appendix 4/4 
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Appendix 4/5 
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Appendix 4/6 
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Appendix 4/7 
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Appendix 4/8 
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Appendix 4/9 
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Appendix 4/10 
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Appendix 4/11 
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Appendix 5 
 
Material properties calculation sheet for MAT_255 according to Eurocode. 
  
 
Appendix 6 
 
Thermal expansion versus temperature curve plotted from LS-PrePost 
 
 
 
 
 
 
 
 
 
 
